Abstract: For the application of 2,6-diamino-3,5-dinitropyridine-1-oxide (ANPyO) in composite explosives, the compatibility of ANPyO with some energetic materials was studied by the use of differential scanning calorimetry (DSC), where the energetic materials were cyclotrimethylenetrinitramine (RDX), cyclotetramethylenetetranitramine (HMX), 3,4-dinitrofurazanfuroxan (DNTF), hexanitrohexazaisowurtzitane (CL-20), 2,4,6-trinitrotoluene (TNT), 2,4,6-triamino-1,3,5-trinitrobenzene (TATB), 3-nitro-1,2,4-triazol-5-one (NTO), 2,6-diamino-3,5-dinitropyrazine-1-oxide (LLM-105), 5-amino-1H-tetrazole nitrate (5-ATEZN), ammonium perchlorate (AP), potassium perchlorate (KP), aluminum powder (Al), boron powder (B), magnesium hydride (MgH2) and magnesium borohydride (Mg(BH4)2). The results showed that the binary systems of ANPyO/ CL-20, ANPyO/NTO, ANPyO/5-ATEZN, ANPyO/Al, ANPyO/B, ANPyO/MgH2 and ANPyO/Mg(BH4)2 are compatible, and that the systems of ANPyO with RDX, LLM-105, HMX, AP and KP are sensitive, and with DNTF, TNT and TATB are incompatible.
Introduction
Highly energetic compounds with low sensitivity and good explosive performance are the focus of advanced energetic materials research aimed at the future needs in modern ordnance. Recently, nitrogen heterocyclic rings have become of considerable interest as ligands to construct energetic coordination compounds, due to a positive heat of formation and good thermal stability [1] [2] [3] [4] . ANPyO is a novel high energy explosive, thermally stable and less sensitive than commonly used explosives such as RDX and 2,6-dipicrylamino-3,5-dinitropyridine (PYX) [5, 6] . It has been established that the comprehensive performance of ANPyO is close to that of TATB, apart from the higher cost of the latter [7] .
As a low sensitivity energetic additive, the incorporation of ANPyO into a propellant or explosive may be a very promising route for enhancing the thermal stability and for decreasing the sensitivity. Actually, the properties of the final mixture formed are, for the most part, highly dependent on the components chosen, their content and interaction with both the ANPyO and the other components. Potential physical and chemical interactions between energetic materials and other components can affect the chemical nature, stability and, consequently, safety [8] . Compatibility studies of a new energetic material and other components in propellants or explosives represents an important phase in the pre-formulation stage for the development of all new explosive forms.
Thermoanalytical techniques, especially DSC, are frequently used in compatibility tests for energetic materials before practical application [9] [10] [11] . The main advantages of thermal analysis techniques aimed at compatibility tests in energetic materials are the use of small amounts of material and rapid measurements [12] .
Two criteria have been developed mainly to test the compatibility of individual energetic compounds and their mechanical mixtures with contacting materials, as determined by means of the DSC technique. A part of this effort involves compatibility research according to STANAG 4147 [13] [14] [15] . Others [16] [17] [18] are engaged in the evaluation of compatibility according to the basis released in Ref. [19] . From the point of view of Ilyushin [20] , the criteria for compatibility reported in Ref. [16] [17] [18] are more strict than those in STANAG 4147.
Compared with the structure and synthesis of ANPyO studies [21] [22] [23] [24] , few compatibility researches on ANPyO have been performed. Therefore, the aim of the present work was to experimentally estimate the compatibility of ANPyO with some energetic materials using DSC.
Materials and Equipment

Materials
ANPyO was prepared according to the reported literature method [25] , as shown in Figure 1 . The purity of the ANPyO was greater than 99% and the sample was stored in a vacuum desiccator before use. Its calculated detonation velocity and detonation pressure were 7840 m/s and 27.5 GPa, respectively. 
Equipment and experimentation
Binary mixtures (BMs) of ANPyO with each selected energetic material were prepared in 1:1 (m/m) ratios by simple physical mixing of the components with a pestle in an agate mortar for several minutes. The 1:1 (m/m) ratio was chosen in order to maximize the probability of observing any interactions [8] .
All DSC curves were obtained in a SETARM DSC 131 differential scanning calorimeter, using a stainless steel crucible with a sample mass of approximately 1 mg in 1:1 ratios of premixed mixtures, under a dynamic atmosphere of N 2 (flow rate 50 mL/min), heating rate 10 °C/min, and pressure 0.1 MPa.
Results and Discussion
The DSC curves of the single components and mixtures, measured at a heating rate of 10 °C/min, are shown in Figure 2 . For the single system of ANPyO, there exists only one exothermic peak at 360.6 °C due to the rapid decomposition of the compound. This exothermic peak of ANPyO was chosen for calculating the differences in temperature between a single system and a BM when the latter temperature was lower than the lowest decomposition peak temperature of the other single system, according to Equation 1.
where: T P1 is the maximum exothermic peak temperature of the single system and T P2 is the maximum exothermic peak temperature of the mixture. The first exothermic peak temperature and the calculated difference between the single system with a lower decomposition peak temperature and the mixture are shown in Table 1 , and the evaluated standards of compatibility for the explosive and the contacted materials [19] are listed in Table 2 . From Figure 2 and Table 1 , the following observations can be obtained. The DSC curve of the ANPyO/RDX mixture consisted of one endothermic peak and two exothermic peaks. The melting point of ANPyO/RDX is 2.9 °C lower than that of RDX, and both of the endothermic peaks of RDX and ANPyO/RDX are caused by the phase change of RDX from solid to liquid. The exothermic peak at 232.9 °C is caused by the rapid decomposition reaction of RDX, and the exothermic peak at 351.5 °C is attributed to that of ANPyO. The first exothermic peak of ANPyO/RDX is 7.3 °C lower than that of RDX. According to Table 2 , the rating for the BM ANPyO/RDX is therefore C. As in the BM ANPyO/RDX, there is an endothermic peak before the main exothermic peak for both ANPyO/KP and ANPyO/AP BMs (see Figures 2h and  2i) . The maximum exothermic peak temperature difference between ANPyO and the ANPyO/KP mixture (ΔT P ) was 6.4 °C. The ΔT P value between the ANPyO/AP mixture and AP was 8.6 °C. Therefore according to the standards of compatibility given in Table 2 , both ANPyO/KP and ANPyO/AP BMs have poor compatibility.
The values of ΔT P between ANPyO and its mixture with HMX, LLM-105 and TATB were 8.1 °C, 9.7 °C and 18.5 °C, respectively, which is similar to the destabilization of ANPyO by the presence of AP. The information obtained by DSC confirmed the occurrence of possible chemical reaction between the components of these mixtures, and the mixtures therefore have poor compatibility.
As shown in Figures 2c and 2g , there exists one endothermic peak and two major exothermic peaks on the DSC curves of ANPyO/DNTF and ANPyO/TNT. Notably, a slight "shoulder" emerges before the first exothermic peak of the ANPyO/DNTF, which suggests possible chemical interaction between ANPyO and DNTF. The values of ΔT P between ANPyO/DNTF and DNTF, ANPyO/TNT and TNT were 57.7 and 43.6 °C, respectively. Evaluation of the DSC curves of the BMs ANPyO/DNTF and ANPyO/TNT confirmed that there was an increase in reactive ability and a decrease in the thermal stability of the mixtures. The two BMs have poor compatibility with a rating of D according to Table 2 .
The 
